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AERONAUTICS

-IMENTAL INVESTIGATION@ LIQUIDDIBOXUUVE-LIQUIDOXYGEN

PROPELLANTCOMBINATIONIN1OO-POUND-TBRUSTROCKEI’ENGINE

ByWilliamH.Rowe,PaulM. Ordin,andJohnM.Diehl

suMMARY

Thespecificimpulseofliquiddiboraneandliquidoxygenover
a rangeofmixtureratioswasdeterminedina 100-pound-thrust
rocketengineoperatingata conibustion-chamberpressureof
300poundspersquareinchabsolute.

A fairedcurvethroughtheexperimentaldatahadapproxi-
matelythesameshapeasthetheoreticalcurvewitha maximum
uncorrectede~ertientalspecificimpulseof249pound-secondsper
poundata ratiooffuelweighttototalpropellantweightof0.37.
Whencorrectedforheatrejection,thisvalueincreasedto
274pound-secondsperpound,whichis92percentofthetheoret-
icalvalueof299pound-secondsperpoundbasedonequilibrium
expansionforthefuelandthenozzleused.Themaximumexperi-
mentalvolumespecificimpulsewas182X 62.4pound-secondsper
cubicfootandoccurredata ratiooffuelweighttototalpropel-
lantweightof0.25;thecorrectedmaximumexperimentalvaluewas
199x 62.4pound-secondspercubicfootatthesamemixbureratio.
Theseexperimentalvalueswerebasedona characteristiclength
(ratioofcombustion-chamibervolumetoe-ust-nozzle-throatarea)
of325inches.Whenthecharacteristiclengthwasreducedfrom
325to159inches,a smalldecreaseinperfomnceoccurred.No
apparentchangeinspecificimpulsewasobservedforthetwotypes
ofinjectionusedforthee~ertients.

A limitednwnberoftemperature-&ndshock-sensitivitye~eri-
mentsweremadewithdiborane.Noexplosionsnordetonationswere
observed.

lZITRODUCTION

Boronhydridesaretofinterestasrocketfuelsprincipally
becauseofthepossibilityofobtaininghighspecificimpulse.As
partoftheNACAprogramonhigh-energyrocketfuels,theoretical
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ande~erimentalinvestigationsarebeingconducted.withdiborane
becauseitwasthefirstboronhydrideavailable.Theoretical
calculationsofdiboranewithseveraloxidantsand~erimental
resultsfromtheoperationofa 100-pound-thrustrocketenginewith
liquiddiboraneandhydrogenperoxidearepresentedinreferences1
and2,respectively.AninvestigationwasconductedattheNACA
LewislaboratoryfromMroh toMay1948todetendnetheperformance
ofa 100-pound-thrustrocketengineusingliquiddiboraneandliquid
oxygen.Thediboranewasobtainedthroughthecooperationofthe
NavyBureauofAeronautics.Specificimpulsewasmeasuredfora
rangeofmixtureratioswitha combustion-chamberpressureof
approximately300poundspersquareinchabsolute.Additionaldata
wereobtainedontheeffectofreducingtheratioofconibustion-
chambervolumetoexhaust-nozzle-throatarea(hereinafterdesig-
natedcharacteristiclengthL*) bya factorof2 andonthe
effectofchangesinpropellantinjection.

Inordertoobtainadditionalinformationconcerningthe
stabilityofdiborane,a briefseriesofeqerimentswasmadeto
determinethesensitivityofdiboranetotemperatureandshock.
Thesesupplementarydataarepresentedintheappendix.

APPlxRATus

A diagrammaticsketchofthe.apparatusisshowninfigure1.
Heliumpressure,controlledbytwo-stagere~lation,wasusedto
forcethepropellantsintothecombustionchamber.Theoxygen
tankwasmadeofstainlesssteelandhada vacuumjacket;the
diboranetankwasmadeofa molybdenumsteel.Eachtankwas
mountedona counterbalancedweighingbeamforflowmeasurement.
Thelinesfromthediboranetankandthepropellantvalveswere
arrangedforprecookingwithliquidnitrogenanddryice,respec-
tively.Therocketenginewasmountedona pivotedthruststand
tomeasurethrustandata downward angleof30°topreventthe
accumulationofpropellantsinthecozibustionchamberatthe
stextofa mn. A photographofthegeneralsetupisshownin
figure20 ●

EngineAsseniblies

Cross-sectionalviewsoftheengineassembliesareshownin
figure3. Theengtieassembliesconsistedofinterchangeable
injectionplates,combustionchambers,andexhaustnozzles.

.Theinjectionplatesweremadeofstainlesssteelandused
removableinjectorsinsertedfromtheinside.Theinjectors
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weredesignedtoproducesolidstreamsofpropellants.lhinjec-
tionplateA,whichwasusedformat ofthee~eriments,four
diboraneinjectorsandfourliquid-oxygeninjectorswerearranged
inintersectingpairs.Thefourdiboraneinjectorswereonan
innercircleanddirecteddiboraneinstreamsparalleltothe
engineaxis.Thefourliquid-oxygeninjectorswereonanouter
circleanddirectedoxygeninstreamstointersecttherespective
diboranestreams.InjectionplateB hadanotherarrangementof
injectors.Twodiboraneinjectorsandtwo~gen injectors

.. directedstreamsthatintersectedata commonpointontheaxis
oftheengine.Eachinjectionplatehada pressuretaptoobtati
combustionpressure.

Twocombustionchamberswereusedtoobtaintwovaluesof
characteristiclengthH (ratioofconibustion-chemibervolume
exhaust-nozzle-throatarea)anddifferedessentiallyonlyin
length.-Bothcombustionchauibershadaninnerdiameterof
2*inches;chaniberA hada totallengthofl+ inchesandaxI
325inches;chamberB hada lengthof~ inchesandB of

to

L*of

159inches.CombustionchamberA wasusedformostoftheexperi-
ments.Bothchszibersweremachinedfromforgedelectrolfiic
copper,hada wallthicknessof5/8inch,andwerechrome-plated
ontheinnersurface.Eachcombustionchaniberwasequippedwith
a pressuretapwitha thick-wallcopperconnection.

Theconvergent-divergentnozzlewasmachtiedfromforged
electrolfiiccopperandwaschrome-platedontheinside.The
throatdiameterwas0.549inch,thetotaldivergenceanglewas
30°,andtheexitdiameterwas1.043inches.Thenozzlewas
designedtoobtainoptimumperformanceforanexpansionpressure
ratioof20.4witha ratioofspecificheatsoftheexhaustgases
of1.2.

Instrumentatic!n

propellantflow.-Theoxidantandthefueltankswereeach
suspendedfromtheleverarmsofcounterbalances.Thebalances
usedwerestandardbeambalemceseachmodifiedtopermitsus-
pensionofa propellanttankanda counterbal~cetank.The
counterbalancetankwasa containerofwaterthatcouldberemotely
filledoremptiedasrequiredtobalanceinitiallythepropellant
andthepropellanttank.DashPotswereinstalledonthecounter-
balanceendofthebeemstodampenoscillationsintroducedduring
theruns.Uhbalencedforcescausedbychangeofweightinthe

●
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propellantsystemsduringa runweretransmittedtocantilever
beamsequippedwithstraingages.Thecantileverbeamwasdesigned
fora changeindeflectionforceof4 pounds.

Thestraingageswereconnectedina resistance-bridgecircuit
ofa continuous-recordingself-balancingpotentiometer.Inorder
topermitfull-scaledeflectionoftherecorderfordifferentq.m.n-
titiesofpropellantsused,resistancescouldbeaddedorremoved
fromthestrain-gagecircuitbyswitches.Thepotentiometerhadan
accuracyof0.5percentoffullscale.Weightcalibrationsmade
beforeandaftereachrunhada maximumvariationof2 percent.

Thrust.-Thethrustproducedbytheenginewasmeasuredby
meansofa cantileverbeamequippedwithstraingages.Thestrain
gageswereconnectedina resistance-bridgecircuitandtheunbal-
anceinthecircuit,correspondingtothethrust,wasrecordedon
a continuous-recording,self-balancingpotentiometerwithanaccu-
racyof0.2percentoffullscale.Weightcalibrationsofthrust
weremadeperiodl.tallyandhada maximumvariationof0.5percent
ofthetotal’weight.

Pressure.- CombustionpressurewasmeasuredbyBourdon-tube-
typepressurerecordershavinganaccuracyofbetterthan1percent
offullscale.Duringtheexpertients,somedifficultieswere
experiencedwithpressure-tapburnoutsandcloggingofthetapby
thesolidproductsofcombustion.Inordertoinsurea ccmibustion-
pressurerecordforeveryoperation,twomeasurementsofcombustion
pressureweremade,onefroma water-cooledtapintheinjection
plateandtheotherfroma tapwitha thick-wallcopperconnection
inthe conibustionchamber.Forthesecondmeasurement,a small
heliumbleedwasprovidedtopreventcloggingofthetapbysolid
combustionproducts.Otherpressuremeasurementsmadewere
pwel>=t-t~ ~ heli~-supplypressure.

Temperature.- Chromel-alumelthermocoupleslocatedinthe
wallsofthevcmiousexhaustnozzlesandcombustionchambersused
intherunsmeasuredthetemperatureofthemetal.Thetempera-
tureswererecordedwithanaccuracyofmorethan1.0percentof
theirvalueoncontinuous.self-balancing,strip-chartpotentiometers.

Propellants.-Thepropellantsusedin,thee~erimentswere
commercialliquidoxygenandliquiddiborane,whichcontained
5 percentimpurities,theimpuritiesprobablybeingethaneand
ethylether.

—

—

●

✎



.

.

mo
d
l-l

*

,-

NACARMNo.E9C11

Therocketenginewas
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PROCEDURE

operatedbyfirstinjectingoxygenuntil
theflowsystemwascoldenoughforoxygentoemergeasa liquid.
Thendiboranewasinjectedandignitionhmediately.resulted.The
averagelengthofa runwas6 seconds.Immediatelysftertherun,
thediboranesystemwaspurgedwithhelium.Thefirstseriesof
runswasmadewithanL*of325inchesandtheeight-holeinjection
system(combustionchamberA andinjectionplateA);thesecond
seriesofrunswasmadewithanL*of159inchesandtheeight-hole
injectionsystem(combustionchamberB andinjectionplateA);the
thirdseriesofrunswasmadewithanL*of325inchesandthefour-
holeinjectionsystem(conibustionchsaiberA andinjectionplateB).
ThelargeL*valuewaschosenformostoftherunstoinsurecom-
pletecombustion.A combustion-chamberpressureofapproximately
300poundspersquareinchabsolutewasmaintained.

WiththecomparativelylargeL*enginesused,a considerable
amountofheatwaslosttotheenginewalls.Theheatabsorbedby
theenginewasdeterminedbytheproductofthetemperatureriseof
thecoppermass,theaveragespecificheatofthecopper,andthe
weightoftheengine.Themeantemperaturerisewasdetermined
afterthetemperatureofthecopperengine,asmeasuredatseveral
places,hadreacheda nearlyuniformvalue.Thistemperaturewas
reachedshortlyaftertheendoftherun.Thevalueofthetempera-
turerisewascorrectedforheatlosstotheatmospherebetweenthe
endofthecombustiontimeandthettiethatnearlyconstanttem-
peraturewasreached.

Inordertopresenttheperformanceofdiboraneandliquid
oxygenwithoutthepenaltyofhighheatlosses,thee~erhnental
specific-impulsevalueswerecorrectedfortheheatlost.Asthe
determinationoftheheatlossisonlyapproxhate,theheat-loss
correctionwasmadeina simplemannerbyassumingthattheheat
loss,ifavailable,couldbeconvertedintokineticenergyby the .
nozzleattheidealcycleefficiencyq. Thus

I (corrected)= ~12 (e~erimental)+ 48.37Qq

where

I specific@ulse,

Q heatloss,Btu/lb

7 1- Te/Tc

lb-see/lb
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Te exittemperature,OK (reference1)

Tc combustiontemperature,% (reference
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Pressurecorrectionsweremadebydeterminingfromtheoretical
datatheeffectonperformanceofsmalldeviationsincombustion
pressurefromthedesiguvalueof300poundspersquareinchabso-
lute.Inthepressureregionof300poundspersquareinchabsolute
a l-pound-per-square-inchchangeinpressurefromthedesignvalue
resultsina changeinspecificimpulseofapproximately0.106pound-
secondperpound.Forcombustionpressuresofapproximately300
+15pounds per squareinchabsolute,themaximumpressurecorrection
ofthespecific-impulsevalueislessthan1percent.

Itisdesirabletocompareexperimentalperformancewiththeo-
reticallyobtainedvalues.Theoreticalvaluesofspecificimpulse
areusuallydeterminedforsuchidealconditionsaspurecompounds
forpropellants,parallelflowofexhaustgasesinnozzles,equi-
libriumcompositionorfrozencompositionexpansion,isentropic
expansion,andnoeffectofthejetonexternalpressure.Noneof
theseidealconditionsexistintheactualcase.Estimationof
someofthemoreobviousdeviationsbetweentheassumedandactual
conditions,however,ispossible.Thediboraneusedfortheexperi-
mentalinvestigationconsistedofapproximately95-percentdiborane
withtheremainderprobablyethaneandethylether.Thetheoretical
performanceofpurediboranewithliquidoxygenisreportedinref-
erence1. Thetheoreticalperformanceofethaneendethylether
withliquidoxygenwasunavailable.Inordertocorrectthetheo-
reticalspecificimpulseofthefuelused,however,theimpurity
wasconsideredtobepropane,a relatedhydrocarbon,forwhich
theoreticalperformancecalculationswereavailable.Ifitis
assumedthatthefuelusedwas95-percentdiborezmand5-percent
propane,thetheoreticalspecificimpulsewasestimatedas2 per-
centlowerthantheperformanceofpurediboranewithliquidoxygen.
Thecorrectionforthedeviationoftheflowfromtheassumedaxial
directionthroughtheexhaustnozzlereducesthetheoreticalper-
formancebyapproximately2 percent(reference3). Thesetwo
factorswouldthereforereducethetheoreticalvaluesofspecific
impulsebyabout4 percent.

Forthepurposeofdeterminingthevolumespecificimpulse,
thedensityfordiboranewaschosenfromthe.expression(reference4,
p.559)

.

x

—

d = 0.3140- 0.001296t‘C
,
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usingthetemperatureofa mixtureofdryiceendalcohol(-72°C)
(referenc~5,p.1764),whichapproximatelycorrespondedtothe
~erimentalconditions.Thedensityofliquido~genwasobtained
fromreference5. Valuesofcharacteristicvelocityendthrust
coefficientwereobtainedfromtheresultsofthee~erimentaldata
usingtheequations

f%= pcA-@/w
and

~ = T/Pc~

where

c++ characteristicvelocity

P= combustion-chdberpressure,(lb/sqin.absolute)

~ exhaust-nozzle-throatarea,(sqin.)

g gravitationalconstant,(ft/sec2)

w totalpropellantflow,(lb/see)

CT thrugtcoefficient

T thrust,(lb)

Thesetwoparametersarefrequentlyusedtoevaluaterocketper-
formance.

RESULTSANDDISCUSSION

Typicalexperimentaldataobtainedduringtheexperimentssxe
showninfigure4. Recordsofthethrustandthecombustion-
chamberpressureshowedthatcombustionwasstabilizedbetweenthe
firstandsecondsecondsofoperation,afterwhichtimetherewas
verylittledeviationinthevaluesofthrustandcombustion-
chauiberpressure.Figure5 presentstheexperimentalspecific
impulseplottedagainsttheratiooffuelweighttototalpro-
pellantweight.Onlyrunsthatweresteadyinoperationandfree
ofenginefailuresarepresented.A curveisdrawnthrough the
pointsthatwereobtainedwiththeenginehavinganL*of325inches
andeneight-holeinjectionsystem.Alsoshowninfigure5 isone
specific-impulsevalueforthisengineoperatingata combustion
pressureof343poundspersquareinchabsolute.Otherdatataken
withanenginehavinga smallerL*andwithonehavinga different
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methodofinjectionarealsoshown.Theexperimentalperformance
datacovera rangeofratiosoffuelweighttototalpropellant
weightof0.22to0.58(stoichiometric,0.224).Themaximumspe-
cificimpulse,asindicatedbythefairedcurve,is249pound.
secondsperpoundandoccurredata ratiooffuelweighttototal
propellantweightofapproximately0.37.

A curveobtainedbycorrectingtheexperhnentaldataforheat
lossesandforsmallcombustion-chamber-pressuredifferencesfrom
300poundspersqwreinchisalsoshowninfigure5. Thecorrec-
tionsarepredominantlyheatcorrections.Thecurvewiththese
correctionsincreasedtoa maximumof274pound-secondsperpound
ata ratiooffuelweighttototalpropellantweightofabout0.36.

Forcomparison,thetheoreticalperformanceforthefueland
theexpansionnozzleusedisshowninfigure5;chemicalequilib-
riumduringexpansionisassumed.Figure5 alsoshowsthetheo-
reticalperformancecurveof100-percentliquiddiboraneandliquid
oxygentakenfromreference1.

Theshapesoftheexperimentalendtheoreticalcurvesare
similarwiththepeakoccurringinnearlythesamepositionnear
a ratiooffuelweighttototalpropellantweightof0.36.The
maximumuncorrectedexperimentalspecificimpulseisapproximately
83percentofthetheoreticalvalueforthefuelandnozzleused.
Thepeakvalueofthecorrectedexperimentalcurveis92percent
ofthepeak(299lb-see/lb)forthetheoreticalcurveforequilib-
riumexpansionandthefuelandthenozzleused.

ChagglngtheL*oftheenginefrom325to159inchesproduced
a smalldecreaseinperformance(fig.5). Changingthemethodof
injectionfromtheeight-hole,solid-$etsystemtothefour-hole
systeminanenginehavinganL*of325inchesappearedtohaveno
definiteeffectontheaverageperformanceofthepropellant.

Theinjectionsystemsandthecombustionvolumesusedwere
notsufficientinnumberandvariationtodetermineoptimumvalues
ofthesedesignvariables.

Curvesoftheoreticalandexperimentalvolumespecificimpulse
plottedagainstratiooffuelweighttototalpropellemtweightare
presentedinfigure6. Thevaluesoftheoreticalvolumespecific
impulsewereobtainedbymultiplyingvaluesoftheoreticalspecific
impulsebythedensityofthepropellantcombinationalcorrespond-
ingpropellantmixtureratios.

.

.

.

.
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Inthessmemanner,thevaluesofe~ertientalvolumespecific
impulsewereobtainedfromthevaluesofexperimentalspecific
impulse.Themaximumvalueforthee~erimentalvolumespecific
impulseasindicatedbythefairedcurveisapproximately182X
62.4pound-secondspercubicfootandoccursata ratiooffuel
weighttototalpropellantweightofabout0.25.Themaximumcor-
rectedvalueofvolumespecificimpulseof199X 62.4pound-seconds
percubicfootisapproximately92percentofthemaximumtheo-
reticalvalueof217x 62.4pound-secondspercubicfoot,which
occursata mixtureratioof0.22andiscalculatedforthefuel
andtheexpansionnozzleused.

A sumaryofthee~erimentalresultsispresentedintableI,
whichincludesspecificimpulse,specificimpulsecorrected,volume
specificimpulse,characteristicvelocity,andthrustcoefficient.
Theseresultsshowa considerablevariationofcharacteristic
velocityandthrustcoefficientundercomparableconditionsfor
thesee~eriments.

Aninvestigationoftheaccuracyofthedatashowedthat
therearethreepossiblesourcesoferror:inthecalibrationof
theweighingorthrustsystems,intherecordinginstrumentsused
forrecordingthedata,andintheinterpretationofthedata
records.Theinstrumenterrorshavebeenpreviouslydescribed.
Fordatainterpretation,a variationof0.5percentcouldbemade
inreadingthethrustrecordsmd 1.0perceatcouldbemadein
readingtheflowrecords.Themaximuminstrumentvariationand
thevariationsinterpretatingdatapermita nuudmumpossiblevaria-
tionof4.0percent”inspecificimpulse.

Duringoperationoftheengine,a depositaccumulatedover ‘
theentireinnersurfaceoftheengine.Photographsoftypical
depositsareshowninfigure7. Generallythisdepositwas
approximately1/32inchthickfromtherearofthechauiber
(includingthesurfacesoftheinjectornozzles)totheconver-
gentsectionoftheeduwstnozzlewhereitincreasedslightly.
Alongtheconvergentsectiontothethroatoftieefiustnozzle,
thedepositgenerallythinnedtoabout1/64inch.Theradial
distributionofthedepositatthethroatwasnonuniform.The
throatdepositisprobablya resultof afterburningofdiborane
duringthepurgingoperationratherthanofcombustionduring
operation.Thedepositwascrustyinnature,usuallywitha
smooth,glazed,dark-graytodark-brownsurface.Somedifficulties
wereexperiencedintheinvestigationbecausethehighheatrelease
causedseveralsevereburnoutsoftheexhaustnozzle,theinjector
nozzles,andtheinjectorhead.Typicalinjector-plateend
exhaust-nozzlefailuresareshowninfigure8.
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SUMMARYOFRESUGTS

l@erimentswereconductedtodeterminetheperformanceofa
100-pound-thrustrocketengineata combustion-chamberpressureof
300poundspersquareinchabsoluteusingliquiddiboraneand
‘liquidoxygenaspropellants.Theengineusedformostofthe
experimentshadaninjectionsystemoffourpairsofintersecting
jetsanda ratioofcombustion-chambervolumetoexhaust-nozzle-
throatareaof325inches.Theexperimentsproducedthefollowing
results:

1.Theshapeoftheexperimentalspecific-impulsecurvewas
similartothatofthetheoreticalcurve.Bothcurvesreacheda
maximumneara ratiooffuelweighttototalpropellantweightof
0.36.Themaxtiumuncorrectedexperimentalspecificiqulse,as
indicatedbya fairedcurvethroughthedata,was249pound-
secondsperpoundorapproximately83percentofthetheoretical
valueforequilibriumeqyumionandthefuelandthenozzleused.

2.Whencorrectionsforheatlosstotheenginewallsand
smalldeviationsofcombustion-chamberpressurewereappliedto
theexperimentaldata,themaximumperformancevaluewasabout
274pound-secondsperpoyndor92percentofthetheoreticalvalue
forequilibriumexpansionandthefuelandthenozzleused.

3.Themaximumuncorrectedexperimentalvolumespecific
impulsewas182X 62.4pound-secondspercubicfootandthecor-
respondingvaluewhencorrectedforheatlosssmdpressuredevia-
tionswas199x 62.4pound-secondspercubicfoot.Themaximum
volumespecificimpulseoccurredneara ratiooffuelweightto
totalpropellantweightof0.25.Thetheoreticalcurvehada
maximumvalueof217X 62.4pound-secondspercubicfootata
mixtureratioof0.22forthefuelandthenozzleused.

4.Whentheinjectionsystemwaschangedfromtheeight-hole,
solidjetsystemtothefour-holesystem,therewasnoapparent
changeinspecificimpulse.Whenthecharacteristiclengthwas
changedfrom325to159inches(usingtheeight-holesystem),
therewasa smalldecreaseinperformance.Thestudyofthe
effectsoftheinjectionsystemandcombustionvolumewerenot
sufficientlyextensivetodetermineoptimumconfi&rations.
Severalexperimentsmadetodeterminethesensitivityofdiborane
totemperatureandtodetonationproducednoexplosionsnor
detonations.

NationalAdviso~CommitteeforAeronautics,
LewisFlightPropulsionLaboratory,

Cleveland,Ohio.
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APPENDIX- SENSITIVITYOFDIBORANETOTEMPERATUREANDSHOCK

Forthepurposeofestablishinga safehandlingprocedurefor
diborane,thesensitivityofdiborsnetotemperatureandtothe
shockproducedbythedetonationofa number6 detonatorcapwas
determined.

A schematicdiagramoftheequipmentfordeterminingthetem-
peraturesensitivityofdiboraneisshowninfigure9(a).A
stainless-steelbomb,1 inchindiameterand~ inchesinlength,
fittedwitha Teflon-packedneedlevalveandstainless-steel
safetydisktestedtoa burstingpressureof3700poundspersquare
inch,containedthediborsmeasa gas.Asbestos-coveredresistmce
wirewaswrappedaroundthecontainerandthetemperaturewasmeas-
uredbymeansoftwothermocouplesplacedonthecylinder.In
addition,thepressureincreaseduringtheheatingwasobservedby
meansofa steelBourdon-tubepressuregage.Thetemperature-
sensitivityapparatuswasfilledwithgaseousdiboraneandheated
toapproximately1000°F overa periodofabout1/2hour.

Forthethreetemperature-sensitivitydetemninationsmade,
theonlyreactionobservedwasa gradualpressureincreasefrom
60poundspersqyareinchgageatdry-icetemperatureto280pounds
persquareinchgageatapproximately1000°F,withthepressure
remainingconstantatanyintermediatetemperaturefora fewmin-
utes.Theseexperimentsindicatenoexplosionsresultedfrom
gradualapplicationofheat.

Thesketchofthedetonationexperimentalapparatusisshown
infigure9(b).Twobrasscontainershavingvolumesof30and
60cubiccentimeterswereusedtoholdthediborane.A thinbrass
separatingtubeforcontainingthedetonatorcapwascentrally
locatedinthediboranecontainer.

Priortotheexperimentswithdiborane,preliminarydetona-
tionworkwasperformedwiththedetonatorcapalone,andwiththe
capandwater,methylalcohol,anda mixbureof80-percenttetra-
nitromethaneand20-percentnitrobenzene.Fortheinvestigation
ofdiborane,twoexperimentsweremadewithgaseousdiboranein
the30-cubic-centimetercontainer;oneexpertientwasmadewith
13.1gramsofliquiddiborane(ata temperatureofapproximately
-72°C)inthe30-cubic-centimetercontainerandoneexpertient
wasmadewith24.6gramsofliquiddiborane(ata temperatureof
approximately-72°C)h a 60-cubic-centimetercontainer.Inthe
preliminarydetonationwork,theresultsobtainedwiththedeto-
natorcapaloneandwithwaterandmethylalcoholwereallsimilar
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inthatthesmalltubecontainingthecapblewapart,resultingin
a slightbulgingofthelargebrasscontainer.Ineachexperiment
withthetetranltromethaneandnitrobenzenemixture,whichisknown
tobesensitivetotheshockproducedbya number6 cap,theentire
assemblydisintegratedwiththeexplosionofthecap.Theresults
oftheshocktestswithgaseousandliquiddiboraneweresimilarto
thoseobtainedwiththecapaloneorwiththecapandwaterorwith
thecapandalcohol.

Withthelimitednumberofsensitivitydeterminationsmade
withdiborane,noe~loslonsnordetonationswereproducedbyheat
or

1.

2.

3.

4.

5.

byshock.
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(lb-see/lb) to totel 1. th, L* earreoted
ooef-

(lb/see) propsllmt %.) (lb-se./lb)~~z:~ %:;::! e “y
weight

Injection syntem, eight hole

316 86.9 0.402 221 0.521 323 223 123 3960 1.20

343 106*O .426 24’7 .267 326 261 190 6120 1.343

315 S9.2 .360 24B .349 326 280 174 6660 1.20

220 26.0 .369 246 .329 3!25 272 175 61.SO 1.2s

295 26.9 .346 247 .391 325 287 171 6420 1.22

225 96.1 .327 248 .401 323 266 1.64 6610 1.43

220 95.5 .438 218 .219 32s 240 , 178 5040 1.3’d

297 00.0 .433 229 .263 325 247 179 52M 1.42

X)5 101.6 .417 244 .414 s% 258 159 5660 1.41

910 104.2 .422 247 .328 325 262 166 5300 1.42

223 96.1 .416 232 .392 169 251 130 6220 1.42

225 97.0 .411 244 .408 159 259 155 5470 1.39

296 95.4 .408 234 .372 159 237 155 5610 1.s7

Injeotkn system, four hole

220 97.2 0.389 250 0.350 326 27s 170 56KI 1.42

220 23*4 .367 260 .4X) 826 274 167 6020 1.39

306 99.5 .415 240 .367 326 2s9 160 6em 1.38
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Values from records

Thrust, (lb) 104
DLboraneflow, (lb/see) 0.164
Oxygenflow,(lb/see) 0.258
Fuel,(peroentby weight) 38.8
Speoificimpulse
(63.3perce7rttheo-
retical),(lb,-sec/lb)247.3

Combustionpressure,
(lb/sqin.gage) 283-3C0
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Figure 4. - Typicaltitsobtainedduringexperiments.
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Combustion-Character-Injection
chsmber istic systern
pressure lenth#
(13 (in.)

sqin.abs.)

3oot15 325 Eighthole
: 343 325 Ei@t hole
n 300*15 159
A

Eighthole
300*15 325 Fourhole

320

/-.
/ \

Stoichlom3tric,/ \
300‘ I /

I ,’ / ‘“/
———— Theoretical;equilibrium

expansion(reference1
a I / —. —

/ Theoretical;equilibria
$ l/J‘ expansion;95-percent

diborane;totalnozzle
: 280 / / divergentangle,30°
1 A’ /’ —--— Experimental,corrected
2 /~/ / -.\ , Experimental

H“ / \
m

1 \
260 /

\
r

I /
\

z 1
A

1/ ‘o

\

t
A \ \,

Gzu \
\

n

❑

I

) \

220 \
\

I
I v

200
.20 ●30 ●40 .50 .60

Ratiooffuelweighttototalpropellantweight
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